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Abstract
Low vitamin D levels are associated with an increased incidence of colorectal cancer (CRC) and higher mortality from the
disease. In the US, African Americans (AAs) have the highest CRC incidence and mortality and the lowest levels of vitamin D.
Single nucleotide polymorphisms (SNPs) in the vitamin D receptor (VDR) gene have been previously associated with CRC,
but few studies have included AAs. We studied 795 AA CRC cases and 985 AA controls from Chicago and North Carolina as
well as 1324 Caucasian cases and 990 Caucasian controls from Chicago and Spain. We genotyped 54 tagSNPs in VDR
(46586959 to 46521297 Mb) and tested for association adjusting for West African ancestry, age, gender, and multiple
testing. Untyped markers were imputed using MACH1.0. We analyzed associations by gender and anatomic location in the
whole study group as well as by vitamin D intake in the North Carolina AA group. In the joint analysis, none of the SNPs
tested was significantly associated with CRC. For four previously tested restriction fragment length polymorphisms, only
one (referred to as ApaI), tagged by the SNP rs79628898, had a nominally significant p-value in AAs; none of these
polymorphisms were associated with CRC in Caucasians. In the North Carolina AAs, for whom we had vitamin D intake data,
we found a significant association between an intronic SNP rs11574041 and vitamin D intake, which is evidence for a VDR
gene-environment interaction in AAs. In summary, using a systematic tagSNP approach, we have not found evidence for
significant associations between VDR and CRC in AAs or Caucasians.
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Introduction
Vitamin D has numerous physiological effects, including effects
on regulation of calcium homeostasis, immunity, insulin secretion,
and blood pressure. Vitamin D3 (cholecalciferol) is formed from
the precursor steroid 7-dehydrocholesterol (7-DHC), which is
concentrated in the plasma membrane of the basal keratinocytes in
the skin [1]. Upon stimulation of sunlight (UVB, 280–320 nm), 7-
DHC is converted to vitamin D3. Vitamin D3 is converted in the
liver to 25(OH)D3 (calcidiol) and in the tissues to 1,25(OH)2D3
(calcitriol), which is the most active form of the vitamin. Serum
25(OH)D3 level, which is the most widely accepted indicator of
vitamin D status, is the sum of dietary/supplementary intake and
endogenous synthesis. That said, up to 95% of vitamin D is
attributable to synthesis in the skin with sunlight exposure, because
there are relatively few dietary sources that contain vitamin D [2].
Factors that negatively impact vitamin D status include lack of sun
exposure, lack of vitamin D intake, dark skin, aging, and obesity
among others.
Garland and Garland [3] first suggested the vitamin D
hypothesis so called because they found a correlation between
latitude and colorectal cancer (CRC) prevalence. Multiple studies
have since shown that vitamin D status can influence the risk of
developing CRC. Meta-analyses of case-control studies have
shown vitamin D intake and levels of serum 25(OH)D3 are
associated with CRC [4,5] and adenomatous colonic polyps [6]. In
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several incidence cohort and prevention studies, 25(OH)D3
supplementation was found to inhibit colon carcinogenesis [7–
10]. 25(OH)D3 inhibits cell proliferation and induces apoptosis of
CRC cell lines, and it has similar effects in the colon in animal
models and in humans [11–13].
Cutaneous melanin absorbs the UVB wavelengths, and it
attenuates the synthesis of vitamin D. In Hollis’ 1991 study [14],
after treatment with UVB, Caucasian subjects generated the
highest levels of serum 25(OH)D3 whereas African Americans
(AAs) generated the lowest levels. As might be expected in
comparisons of persons at similar latitudes, AAs have the lowest
levels of serum 25(OH)D3 of any US population [15]. Consistent
with a negative correlation between vitamin D levels and CRC,
AAs have the highest CRC incidence and mortality of any US
population. Because low serum 25(OH)D3 is associated with CRC,
vitamin D status could play an important role in CRC risk in the
AA population. Vitamin D may also play an important role in
CRC mortality in AAs [16].
The 1,25(OH)2D3 metabolite binds to and activates the vitamin
D receptor (VDR), which regulates transcription of numerous
downstream genes. Genetic variants in the VDR gene have been
previously associated with CRC and colonic adenoma risk;
however, VDR association results have been inconsistent [17–
43]. Many studies have focused on polymorphisms of conve-
nience (restriction fragment length polymorphisms—RFLPs—
and microsatellites), including variants defined by polymorphisms
in TaqI (rs731236), BsmI (rs1544410), and ApaI (rs7975232)
restriction-enzyme sites and a polymorphic adenine mononucle-
otide run [21–26,28,30,32–34,37]. Some studies focused on
possible functional variants, for example, the FokI RFLP
(rs10735810) and a polymorphism (rs11568820) in the caudal-
related homeodomain protein Cdx-2 binding element in the
promoter of VDR [22,23,25,27,28,31,32,35–37,39–41]. Previous
work has also suggested that haplotypes that include these
variants are associated with CRC [38]. Only two published
studies have taken a systematic approach to testing single
nucleotide polymorphisms (SNPs) that tag most of the common
genetic variation in VDR. Using a tagSNP approach, Poynter [42]
and Egan [43] and their colleagues did not find significant
associations between VDR SNPs and CRC or colonic adenoma,
respectively, in individuals of European descent. Because the
vitamin D pathway could play an important role in CRC in AAs,
here we have tested whether VDR tagSNPs are associated with
CRC in both AAs and Caucasians.
Table 1. Clinical characteristics of African American and Caucasian study groups.
African-Americans Caucasians
Study group Cases Controls Cases Controls
Number of subjects Total 795 985 1317 978
UC 404 568 399 367
UNC 391 417
Spain 918 611
Mean age, years (SD) Total 64.5 (11.7)* 62.3 (13.2)* 68.1 (11.5)* 65 (12.3)*
UC 67.3 (12.7) 60.2 (15.8) 64.6 (13.1) 61.1 (12.7)
UNC 61.8 (10.0) 65.2 (9.6)
Spain 71.6 (9.9) 68.9 (11.8)
Gender (F/M) Total 423/372‘ 570/412‘ 513/803‘‘ 446/528‘‘
UC 230/172 375/190 170/229 181/183
UNC 193/200 195/222
Spain 343/574 265/345
% West African ancestry (SD) Total 84.1 (14.0) 85.5 (14.3)
UC 85.6 (14.8) 87.8 (13.7) 1.0 (1.5) 0.9 (1.3)
UNC 82.7 (12.9) 82.4 (14.6)
Anatomic site, n (%)
Colon Total 605 (76.4) 814 (68.3)
UC 337 (84.0) 248 (62.3)
UNC 268 (68.5)
Spain 566 (71.4)
Rectum Total 187 (23.6) 377 (31.7)
UC 64 (16.0) 150 (37.7)
UNC 123 (31.5)
Spain 227 (28.6)
UC, University of Chicago; UNC, University of North Carolina; Spain, Epicolon Spanish consortium; SD, standard deviation; F, female; M, male; colon, proximal to and
including sigmoid colon cancers; rectum, rectal and rectosigmoid cancers.
All p-values for heterogeneity between total cases and controls $0.05 unless otherwise indicated by footnote symbols.
*p-value for heterogeneity, ,0.001;
‘p-value, 0.04;
‘‘p-value, 0.001.
doi:10.1371/journal.pone.0026123.t001
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Materials and Methods
Ethics Statement
All three studies were approved by their respective institutional
review boards, and where appropriate, subjects provided written
informed consent.
Cases and Controls
Cases and controls were obtained from the University of
Chicago (UC), the University of North Carolina (UNC) and the
Spanish CRC consortium EPICOLON (SP). In total, we included
DNA from 795 AA CRC cases (404 UC, 391 UNC) and 985 AA
controls (568 UC, 417 UNC) as well as 1324 Caucasian cases (399
UC, 925 SP) and 990 Caucasian controls (367 UC, 623 SP). DNA
samples from UC cases and controls were prepared from archived
surgical specimens as described previously [44]. Additional UC
cases were also obtained prospectively from the oncology clinic
between 2006–2007 and UC cancer-free controls from the
gastroenterology clinic in 2009 (individuals found to have a
normal screening colonoscopy) or from the UC Translational
Research Initiative (2005–2008).
Samples from UNC were obtained through a large-scale
population-based case-control study of colon and rectal cancer,
conducted in a 33 county area in central and eastern North
Carolina. Cases were drawn at random from all CRC cases
reported to the North Carolina Central Cancer Registry. Controls
were selected from North Carolina Division of Motor Vehicle lists
if under the age of 65, or from a list of Medicare eligible
beneficiaries obtained from the Health Care Financing Adminis-
tration if over the age of 65, based on sampling probabilities within
blocks defined by 5-year age group, sex and race, using the
technique of randomized recruitment [45]. Vitamin D intake was
determined by daily supplement use and/or dietary intake as
determined by the Block food frequency questionnaire [46]. The
details of this study have been published previously [47].
Spanish samples were obtained through the EPICOLON
project, a prospective, multicentre, population-based epidemiology
survey studying the incidence and features of familial and sporadic
CRC in the Spanish population [48]. Cases were ascertained from
11 hospitals in Spain. All patients with a de novo histologically
confirmed diagnosis of colorectal adenocarcinoma between
November 2006 and December 2007 were selected. Patients in
whom CRC developed in the context of familial adenomatous
polyposis or inflammatory bowel disease were excluded. Demo-
graphic, clinical and tumor-related characteristics of probands, as
well as a detailed family history were obtained using a pre-
established questionnaire, and registered in a single database.
Cases and controls were matched for sex and age (65 years) and
controls were negative for personal and family cancer history.
DNA samples were extracted as previously described [49].
Clinical characteristics (Table 1) were compared between cases
and controls by race. Two-sided t-tests were used to compare
continuous variables including age and ancestry estimates. Pearson
chi-square tests of independence were used to compare categorical
variables. Because there was significant heterogeneity between the
study groups with respect to age and gender, we adjusted for these
parameters in the logistic regression models (see below).
SNP Selection
VDR tagSNPs were selected for genotyping from HapMap
(NCBI build 36) and NIEHS’ Gene SNPs database using
Haploview [50]. TagSNPs were determined using Yoruban
(YRI) data from chromosome 12 base pairs 46586959 (59 end)
to 46521297 (39 end) which includes 1.9 kb on the 59 end to
capture the promoter region. The following criteria were used to
select tagSNPs: minor allele frequency .5% (in Yoruban
population) and pair wise r2.0.80. We identified 60 tagSNPs.
Genotyping
Germline DNA from normal tissue was prepared from both
archived formalin-fixed surgical specimens and from blood
specimens as described [46,51]. Of the 60 tagSNPs identified,
using the Sequenom MassARRAY platform, we could develop
genotyping assays on 54 SNPs. The method used for this platform
was described previously [51]. In UC and UNC AA DNA
samples, we genotyped 100 ancestry informative markers (AIMs)
from which we calculated individual estimates of global West
African ancestry [52].
Table 2. Combined analysis for VDR associations in African
Americans and Caucasians.
SNP Bp RFLP
Combined
OR Z-statistic
Combined
p-value
rs739837 46524488 0.97 20.67 0.50
rs731236 46525024 TaqI 1.01 0.17 0.87
rs7962898 46529104 ApaI 1.09 1.72 0.08
rs7967152 46530451 0.97 20.70 0.48
rs2239185 46530826 0.95 21.05 0.29
rs7971418 46531502 0.92 21.69 0.09
rs7975128 46532095 BsmI 1.07 1.41 0.16
rs7305032 46536127 0.97 20.67 0.50
rs11168267 46537809 1.06 0.62 0.53
rs11168268 46538079 0.99 20.11 0.91
rs2248098 46539623 0.92 21.66 0.10
rs987849 46540943 0.95 21.03 0.30
rs2239182 46541678 0.99 20.30 0.76
rs2107301 46541837 1.01 0.22 0.82
rs1540339 46543593 0.96 20.69 0.49
rs12717991 46545393 0.99 20.17 0.87
rs2189480 46550095 0.99 20.26 0.79
rs3819545 46551273 0.97 20.64 0.52
rs3782905 46552434 1.01 0.27 0.78
rs10735810 46559162 FokI 1.00 20.04 0.97
rs2408876 46559832 0.96 20.87 0.38
rs2254210 46559981 1.05 0.99 0.32
rs11574044 46562101 1.03 0.46 0.64
rs2238136 46563980 0.95 20.90 0.37
rs2238135 46564457 0.93 21.36 0.17
rs2853564 46564754 1.11 1.82 0.07
rs11168287 46571681 0.93 21.52 0.13
rs4328262 46571915 0.95 20.96 0.33
rs4334089 46572282 1.02 0.31 0.76
rs3890733 46575640 1.09 1.44 0.15
rs7302235 46579105 0.98 20.44 0.66
rs7136534 46580893 0.98 20.33 0.74
SNP, single nucleotide polymorphism; bp, base pair; RFLP, restriction fragment
length polymorphism; OR, combined odds ratio.
Combined analysis performed according to Zeggini et al. (ref 54).
doi:10.1371/journal.pone.0026123.t002
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We tested for departures from Hardy-Weinberg equilibrium
(HWE) in cases and controls separately. We excluded SNPs with
HWE p-values,0.001. We used this cut-off because it is above the
significance threshold after adjustment for multiple testing.
Additional quality control measures included SNP and individual
missingness .10%. In AAs, no SNPs failed the HWE threshold
and one SNP failed the SNP missingness threshold. As result, 53
tagSNPs were included for analysis of the AA study group. In the
Caucasian study group, all 54 tagSNPs were included in the
analysis after quality controls. Genotyping rates were .98.7% for
all samples. Concordance rates for 24 duplicate samples were
99.9%.
Genetic ancestry estimation
Global individual ancestry was determined for each individual
in the UC and UNC study groups using 100 AIMs for European
and West African ancestry [51]. Individual ancestry estimates were
obtained from the genotype data using the Markov Chain Monte
Carlo (MCMC) method implemented in the program STRUC-
TURE 2.1 [53]. STRUCTURE 2.1 assumes an admixture model
using prior population information and independent allele
frequencies. The MCMC model was run using K=3 populations
(58 Europeans, 67 Native Americans and 62 West Africans) and a
burn-in length of 30,000 iterations followed by 70,000 replications.
Statistical Analysis
We tested VDR tagSNPs for association with CRC in the entire
case-control series (UC, UNC and Spain) using the pooled
analysis methodology described in Zeggini et al. [54]. For this
combined analysis, we analyzed SNPs with MAF.5% in both
the AA and Caucasian populations (n = 32). We also analyzed
associations separately in the combined AA group (UC and
UNC) and in the combined Caucasian group (UC and Spain).
Associations were further analyzed in the individual study groups
from UC (separately by race), UNC and Spain. We calculated
odds ratios and 95% confidence intervals using logistic regression
assuming a log-additive genetic model. For selected SNPs, we
tested dominant and recessive genetic models as well. In the AA
study groups (UC and UNC), we controlled for individual
admixture by including global West African ancestry estimates in
the logistic regression models. In all individuals, we controlled for
age and gender in the logistic regression model. We determined
the significance of each SNP association empirically using 1000
permutations. These association tests were performed using the
program PLINK [55].
We imputed untyped SNPs using MACH v1.0 [56,57]. MACH
uses a MCMC-based algorithm to infer genotypes for individuals.
We identified an approximately 2 Mb region on chromosome 12
(45553633 to 47551615 bp) which included VDR. Since many of
Figure 1. Association of VDR tagSNPs in African Americans and Caucasians. Plot of2log10 transformed p-values calculated for VDR tagSNPs
and adjusted for age, gender and ethnic admixture (for the African American study group only) versus nucleotide position on chromosome 12. The
arrow depicts the VDR gene, which is transcribed in direction from the telomere towards the centromere. The line shows p-value threshold
accounting for number of tests (961024) based on a Bonferroni correction. Results for African Americans are shown in red and Caucasians in blue.
doi:10.1371/journal.pone.0026123.g001
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the markers typed in our tagSNP set were missing in the phased
haplotypes of the HapMap Data Phase III/Rel#3 (May10), we
downloaded the most recent SNP genotype data (HapMap Data
Rel#28 Phase II and III) for both the YRI and CEU populations
and phased each set in the YRI and CEU separately using
MACH and employing parameters -rounds 50 and -states 500.
We then imputed genotypes in the African-American study
groups using the phased haplotypes from the YRI population and
genotypes in the Caucasian study groups using the phased
haplotypes from the CEU population. For all two imputations,
we used the following parameters: -greedy, -rounds 100, -autoflip.
We included only markers with r2.0.50 as a quality control and
HWE.1025. Imputed genotypes were tested for association as
described above.
Sub-group analysis was done by gender and anatomic site
(colon versus rectum) in the AA and Caucasian groups separately.
For the UNC study group, for which we had supplement and
dietary intake data, we tested for SNP associations by vitamin D
intake. We defined vitamin D intake as a categorical variable
based on a threshold daily intake of .100 IU. To test for SNP-
vitamin D intake interaction, we performed a Breslow-Day test for
between cluster heterogeneity. We corrected for multiple hypoth-
esis testing using a Bonferroni correction. These association tests
were also performed using PLINK [55].
Results
Analysis of tagged and imputed SNPs
Under the assumption that common genetic variants in VDR
influence risk of developing CRC, we performed a combined
analysis of the entire study group, including AAs (UC and UNC)
and Caucasians (UC and Spain). This analysis did not reveal
evidence of association between VDR tagSNPs and CRC (Table 2).
In AAs, combined analysis (UC and UNC) of VDR tagSNPs did
not provide evidence for association between VDR and CRC.
(Figure 1 and Supplementary Table S1). After adjustment for age,
gender, and West African ancestry, three SNPs (rs7962898,
rs12308082, and rs11574065) had p-values#0.05, but these p-values
were not significant after adjustment for multiple testing. The SNP
with the smallest p-value was rs12308082 (OR=0.74, 95%CI [0.57–
0.96]; p=0.02). Analysis of the individual AA study groups were
consistent with the combined AA study group, in as much as each
SNP that was nominally significant in the combined study group was
nominally significantly associated with CRC in one of the two AA
study groups (Supplementary Table S2). No SNP was nominally
significant in both study groups. We noted that both rs12308082 and
the SNP with the second smallest p-value, rs11574065, (p=0.04) had
relatively low allele frequencies in controls (0.09 and 0.02,
respectively); these SNPs were monomorphic in Caucasians.
Figure 2. Association of VDR imputed SNPs in African Americans and Caucasians. Plot of 2log10 transformed p-values calculated on
imputed genotypes and adjusted for age, gender and ethnic admixture (for the African American study group only) versus nucleotide position on
chromosome 12. The line shows p-value threshold accounting for number of tests (861025) based on a Bonferroni correction. Results for African
Americans are shown in red and Caucasians in blue.
doi:10.1371/journal.pone.0026123.g002
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In the Caucasian study group, combined analysis (UC and SP)
of VDR tagSNPs again did not provide evidence for association
between VDR and CRC. (Figure 1 and Supplementary Table S1).
After adjustment for age and gender, two SNPs trended toward
significance (rs107783218 and rs2853564), but as with the AA
analyses, no SNPs were significantly associated with CRC after
adjustment for multiple testing. In the UC Caucasian study group,
there was one SNP that had a p-value,0.05 (rs10783218,
p = 0.02) (Supplementary Table S3), but none of the SNPs had
p-values,0.05 in the Spanish Caucasian study group. We note
that because the tagSNPs were selected based on Yoruban
genotype data, several SNPs were monomorphic or rare in
Caucasians.
Using tagSNPs, we imputed untyped markers across a 2 Mb
region on chromosome 12 including VDR. In total, we imputed
2236 SNPs in AAs and 2185 SNPs in Caucasians after applying
quality controls. After filtering out monomorphic alleles, we tested
664 imputed SNPs in AAs and 820 imputed SNPs in Caucasians.
We did not find evidence for associations between any imputed
SNPs and CRC in either study group after adjustment for multiple
testing (Figure 2).
Analysis of previously tested RFLPs
We tested SNPs that were previously studied in RFLP studies—
two directly, referred to as FokI (rs10735810) and TaqI (rs731236),
and two indirectly with tagSNPs, referred to as BsmI (tagSNP
rs7975128, r2 = 1) and ApaI (tagSNP rs7962898, r2 = 0.975). In the
combined analysis of the entire study group, the SNP rs7962898
tagging ApaI had the smallest combined p-value of 0.08 (Table 2).
None of the other previously reported RFLP SNPs (FokI, TaqI and
BsmI) showed evidence for association with CRC in this analysis.
We next analyzed additive, dominant and recessive models in the
AA and Caucasian study groups separately (Table 3). In AAs
(Table 3A), the FokI and TaqI SNPs were not significantly
associated with CRC; however, the SNP tagging ApaI was
nominally significant under the additive model (p = 0.05). In the
analysis of AAs by individual institution (UC vs. UNC), the SNP
that tagged BsmI was nominally associated with CRC in the UC
study group (p = 0.05) but not in the UNC study group (p= 0.62)
(Supplementary Table S2). None of these SNPs were nominally
significant in Caucasians under any genetic model tested
(Table 3B).
Sub-group analyses
There have been previous reports of associations when stratified
by gender [18]; consequently, we further analyzed our association
results by gender in the AA and Caucasians study groups. Among
AA females, there was one SNP rs11168264 that was nominally
significant (p = 0.05). This SNP is rare in Caucasians. No SNPs
were noted to be associated in the Caucasian female group
(Supplementary Figure S1 & Supplementary Table S4). In males,
there were several associations noted. Among AA males,
rs11574065 (p = 0.02) and rs11574050 (p= 0.009) showed evi-
dence of association. Among Caucasian males, rs2254210
(p = 0.005) and rs2853564 (p= 0.03) showed evidence for
association with CRC. However, none of these p-values were
significant after adjustment for multiple testing.
Because previous reports have suggested associations with
anatomic sites in the colon [37], we next considered associations
by anatomic site in the large bowel (Supplementary Figure S2 &
Supplementary Tables S5 and S6). Our sub-group analysis showed
associations primarily in the AA rectal cancer group. In the
combined AA group, four SNPs had adjusted p-values less than
0.05 (Supplementary Table S5). Of these, two SNPs rs12314197
and rs7962898 are tagSNPs for ApaI. Considering rectal cancer
Table 3. VDR RFLP associations by genetic model.
SNP RFLP Allele Model OR [95% CI] P-value
(A) African Americans
rs731236 TaqI C Additive 0.98 [0.84–1.14] 0.79
Dominant 1.03 [0.85–1.26] 0.74
Recessive 0.81 [0.56–1.15] 0.24
rs7962898 ApaI T Additive 1.15 [1.00–1.33] 0.05
Dominant 1.19 [0.97–1.46] 0.09
Recessive 1.24 [0.93–1.65] 0.14
rs7975128 BsmI T Additive 1.13 [0.97–1.31] 0.12
Dominant 1.16 [0.95–1.41] 0.15
Recessive 1.19 [0.85–1.68] 0.31
rs10735810 FokI T Additive 0.97 [0.82–1.15] 0.74
Dominant 1.01 [0.82–1.23] 0.94
Recessive 0.76 [0.47–1.24] 0.27
(B) Caucasians
rs731236 TaqI C Additive 1.04 [0.91–1.19] 0.53
Dominant 1.13 [0.93–1.36] 0.21
Recessive 0.94 [0.73–1.21] 0.64
rs7962898 ApaI C Additive 0.96 [0.85–1.10] 0.57
Dominant 0.94 [0.77–1.16] 0.58
Recessive 0.96 [0.77–1.19] 0.72
rs7975128 BsmI T Additive 1.03 [0.91–1.18] 0.63
Dominant 1.14 [0.94–1.37] 0.18
Recessive 0.89 [0.70–1.15] 0.38
rs10735810 FokI T Additive 1.00 [0.87–1.14] 0.96
Dominant 0.95 [0.79–1.14] 0.56
Recessive 1.10 [0.85–1.44] 0.47
SNP, single nucleotide polymorphism; RFLP, restriction fragment length
polymorphism; OR, odds ratio; CI, confidence interval.
doi:10.1371/journal.pone.0026123.t003
Table 4. Association of rs11574041 A allele with CRC by vitamin D intake in UNC study group.
Vitamin D intake No. cases No. controls Freq. cases Freq. controls OR P-value
$100 IU 232 214 0.05 0.15 0.30 0.0009
,100 IU 506 582 0.09 0.09 1.05 0.84
No., number; Freq., allele frequency; OR, odds ratio.
doi:10.1371/journal.pone.0026123.t004
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associations by center (Supplementary Table S6), we found that
the ApaI tagSNPs were associated with rectal cancer in the UNC
study group; while, the other two SNPs rs3890733 and rs7302235
were associated in the UC study group. However, none of these
SNPs were significant after adjustment for multiple testing. In the
Caucasian study group, one SNP rs2853564 had evidence of
association with colon cancer (p = 0.01); while not significant, this
association showed the smallest p-value after taking multiple
testing into account (p = 0.28).
For the UNC study group, we tested for differences in SNP
associations by vitamin D intake. We found a significant
association for an intronic SNP rs11574041 and vitamin D intake
(Table 4). In particular, there was significant OR heterogeneity
between individuals with vitamin D intake compared to those with
no meaningful intake (OR 0.30 vs. 1.05 respectively, Breslow-Day
p= 0.004). We noted a protective effect of the A allele in
individuals with high vitamin D intake (fA = 0.15 vs. fU = 0.05,
p = 961024) which was significant when accounting for the
number of SNPs tested by Bonferroni correction (p = 9.361024).
Discussion
Study of VDR genetic variants for association with CRC in
the AA population is important given the overall higher CRC
incidence and mortality as well as lower vitamin D levels in this
population compared to other US populations. In our
association study using tagSNPs and imputed SNPs in a large
group of AAs and Caucasians, we did not find evidence of
significant associations between CRC and common genetic
variants in VDR. Our results were similar in both the combined
analysis and the analysis of ethnically-related and individual
study groups. Moreover, in our results, we found no significant
associations in our sub-group analysis by gender or anatomic
site. Overall, our results are in agreement with two recent
reports in Caucasians that also reported no evidence for
associations between VDR tagSNPs and CRC [42] or colonic
adenomas [43].
Because previous studies had sometimes found associations
between CRC and VDR RFLPs [21–28,30–37,39–41], we
performed additional genetic analyses on some of these variants;
however, FokI (rs10735810), TaqI (rs731236), and BsmI
(rs1544410) were not significantly associated with CRC in any
study group. In our study, we found a nominally significant
association in AA CRC with rs7962898, a SNP that tags the RFLP
ApaI. Previous studies have found an association with ApaI and
CRC in non-AA populations, though sample sizes were small and
both significant and non-significant results have been reported
[21,26]. Given the lack of evidence for association between CRC
and rs7962898 in Caucasians in the present study, we interpret
our nominally significant p-value with rs7962898 in AAs
cautiously. The association has not been reported previously in
this population, and it was observed in only one of the two study
groups that we analyzed (UC but not UNC).
In our UNC study group, we note a significant association
between an intronic SNP rs11574041 and vitamin D intake. To
our knowledge, this association has not been previously reported.
While this result suggests a gene-environment interaction, it should
be interpreted with caution due to the small sample size and
limited data of supplemental and dietary intake available for this
analysis. In previous case-control studies, vitamin D intake (both
dietary and supplemental) has not been an adequate proxy for
vitamin D serum levels and, therefore, probably does not reflect
vitamin D status. Our results require further study in a larger
sample preferably with data of vitamin D serum levels.
In the present study, there are several possible explanations for
the overall lack of significant associations. SNPs in the VDR gene
on their own may not increase CRC risk; however, if SNPs are
playing a role, they may interact with other SNPs or with
environmental factors to increase risk. Some differences in
associations between African American populations from different
geographic locations (UC vs. UNC) were detected, and these
differences potentially could be explained by environmental
differences between the two groups. Given that control of serum
25(OH)D3 levels have both genetic and environmental determi-
nants, we hypothesize that there are important gene-environment
interactions that together increase risk of CRC. In the present
study, we did not have access to environmental measures of
vitamin D intake for the UC and Spanish study groups, nor did we
have serum 25(OH)D3 levels for any of the study groups.
Alternatively, rare variants in VDR may increase CRC risk. In
such a genetic model, multiple rare variants with stronger effects
(e.g., ORs.1.5) could increase individual risk of CRC such that
earlier and more frequent colonoscopic screening would be
recommended. Rare variants are not well assessed using a tagSNP
approach, and, in general, larger association studies or family-
based studies are required to identify associations with rare
variants. We note that the two variants in VDR with the smallest p-
values in the present study were relatively rare.
The strengths of the current study are a large sample size
including AAs as well as a comprehensive tagSNP approach to
capture nearly all common variation in the VDR gene. Moreover,
we used imputation to obtain genotypes for untyped SNPs,
thereby increasing coverage of the VDR gene and surrounding
regions on chromosome 12. Weaknesses of this study include lack
of measures of serum vitamin D levels in all subjects; such data
would potentially uncover interactions between genotype and
environment. Moreover, we did not include SNPs that tag the
Cdx2 polymorphism in the initial tagSNP analysis, which has
yielded positive results in CRC in a previous study [17]. However,
our imputation analysis included the region harboring the Cdx2
polymorphism and did not show significant associations. Future
studies should include such environmental data such as vitamin D
intake and serum levels to determine if gene-environment
interactions influence CRC. In addition, there have been reports
of novel candidate regions associated with vitamin D levels from
genome-wide association and ChIP-sequencing studies that should
be tested for genetic association in CRC [58,59].
In summary, we found no compelling evidence for associations
between CRC and genetic polymorphisms in VDR. Although we
observed a nominally significant CRC association with a SNP that
is highly correlated with ApaI in AAs, this association was observed
in only one of the two AA study groups; moreover, associations
were not detected between CRC and other VDR tagSNPs in AAs.
In Caucasians, associations were not detected between CRC and
either previously reported VDR RFLPs or VDR tagSNPs. A
possible association between vitamin D intake and rs11574041 in
AA CRC requires further investigation.
Supporting Information
Figure S1 Association of VDR tagSNPs in African Amer-
icans and Caucasians by gender: (A) females and (B)
males. Plot of 2log10 transformed p-values calculated for VDR
tagSNPs and adjusted for age and ethnic admixture (for the African
American study group only) versus nucleotide position on
chromosome 12. The arrow depicts the VDR gene, which is
transcribed in direction from the telomere towards the centromere.
The line shows p-value threshold accounting for number of tests
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(961024) based on a Bonferroni correction. Results for African
Americans are shown in red and Caucasians in blue.
(TIF)
Figure S2 Association of VDR tagSNPs in African
Americans and Caucasians by anatomic site: (A) colon
cancer and (B) rectal cancer. Plot of 2log10 transformed p-
values calculated for VDR tagSNPs and adjusted for age, gender
and ethnic admixture (for the African American study group only)
versus nucleotide position on chromosome 12. The arrow depicts
the VDR gene, which is transcribed from right to left on the
chromosome. The line shows p-value threshold accounting for
number of tests (961024) based on a Bonferroni correction.
Results for African Americans are shown in red and Caucasians in
blue.
(TIF)
Table S1 VDR associations by ancestry.
(DOCX)
Table S2 VDR associations in African Americans by
center.
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Table S3 VDR associations in Caucasians by center.
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Table S4 VDR associations by gender: (A) females and
(B) males.
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Table S5 VDR associations by anatomic site: (A) colon
cancer (B) rectal cancer.
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Table S6 VDR associations in African Americans by
anatomic site and center.
(DOCX)
Acknowledgments
We thank the University of Chicago Genotyping Core for assistance with
genotyping and Dr. Joe G.N. Garcia and Dr. Karen Kim for providing
control DNA samples. We thank Ms. Amber McCoy and Mr. Kevin Smith
of the University of North Carolina Center for Gastrointestinal Biology
and Disease for their assistance with DNA preparation and shipment. We
are grateful to the Spanish National Genotyping Center (CEGEN-ISCIII)-
USC node. The work was carried out (in part) at the Esther Koplowitz
Centre, Barcelona. Finally, we are sincerely grateful to all individuals
participating in studies at the University of Chicago and University of
North Carolina and to patients from Spain who participated in the
EPICOLON project.
Author Contributions
Conceived and designed the experiments: SSK NAE. Performed the
experiments: SSK JA AEL SH CRP. Analyzed the data: SSK AS NAE.
Contributed reagents/materials/analysis tools: TOK RSS SCB AC AC
RAK. Wrote the paper: SSK AS RSS NAE.
References
1. Slominski A, Wortsman J (2000) Neuroendocrinology of the skin. Endocr Rev
21: 457–487.
2. Holick MF (2000) Calcium and vitamin D. Diagnostics and therapeutics. Clin
Lab Med 2000 20: 569–590.
3. Garland CF, Garland FC (1980) Do sunlight and vitamin D reduce the
likelihood of colon cancer? Int J Epidemiol 9: 227–231.
4. Yin L, Grandi N, Raum E, Haug U, Arndt V, et al. (2009) Meta-analysis:
longitudinal studies of serum vitamin D and colorectal cancer risk. Aliment
Pharmacol Ther 30: 113–125.
5. Gorham ED, Garland CF, Garland FC, Grant WB, Mohr SB, et al. (2007)
Optimal vitamin D status for colorectal cancer prevention: a quantitative meta
analysis. Am J Prev Med 32: 210–216.
6. Wei MY, Garland CF, Gorham ED, Mohr SB, Giovannucci E (2008) Vitamin
D and prevention of colorectal adenoma: a meta-analysis. Cancer Epidemiol
Biomarkers Prev 17: 2958–2969.
7. Garland CF, Comstock GW, Garland FC, Helsing KJ, Shaw EK, et al. (1989)
Serum 25-hydroxyvitamin D and colon cancer: eight-year prospective study.
Lancet 334: 1176–1178.
8. Tangrea J, Helzlsouer K, Pietinen P, Taylor P, Hollis P, et al. (1997) Serum
levels of vitamin D metabolites and the subsequent risk of colon and rectal
cancer in Finnish men. Cancer Causes Control 8: 615–625.
9. Levine AJ, Harper JM, Ervin CM, Chen YH, Harmon E, et al. (2001) Serum
25-hydroxyvitamin D, dietary calcium intake, and distal colorectal adenoma
risk. Nutr Cancer 39: 35–41.
10. Feskanich D, Ma J, Fuchs CS, Kirkner GJ, Hankinson SE, et al. (2004) Plasma
vitamin D metabolites and risk of colorectal cancer in women. Cancer
Epidemiol Biomarkers Prev 13: 1502–1508.
11. Wu K, Feskanich D, Fuchs CS, Willett WC, Hollis BW, et al. (2007) A nested
case control study of plasma 25-hydroxyvitamin D concentrations and risk of
colorectal cancer. J Natl Cancer Inst 99: 1120–1129.
12. Platz EA, Hankinson SE, Hollis BW, Colditz GA, Hunter DJ, et al. (2000)
Plasma 1,25-dihydroxy- and 25-hydroxyvitamin D and adenomatous polyps
of the distal colorectum. Cancer Epidemiol Biomarkers Prev 9: 1059–
1065.
13. Garland C, Shekelle RB, Barrett-Connor E, Criqui MH, Rossof AH, et al.
(1985) Dietary vitamin D and calcium and risk of colorectal cancer: a 19-year
prospective study in men. Lancet 325: 307–309.
14. Matsuoka LY, Wortsman J, Haddad JG, Kolm P, Hollis BW (1991) Racial
pigmentation and the cutaneous synthesis of vitamin D. Arch Dermatol 127:
536–538.
15. Martins D, Wolf M, Pan D, Zadshir A, Tareen N, et al. (2007) Prevalence of
cardiovascular risk factors and the serum levels of 25-hydroxyvitamin D in the
United States: data from the Third National Health and Nutrition Examination
Survey. Arch Intern Med 167: 1159–1165.
16. Fiscella K, Winters P, Tancredi D, Hendren S, Franks P (2011) Racial disparity
in death from colorectal cancer: does vitamin D deficiency contribute? Cancer
117: 1061–1069.
17. Kostner K, Denzer N, Muller CS, Klein R, Tilgen W, et al. (2009) The
relevance of vitamin D receptor (VDR) gene polymorphisms for cancer: a review
of the literature. Anticancer Res 29: 3511–3536.
18. Raimondi S, Johansson H, Maisonneuve P, Gandini S (2009) Review and meta-
analysis on vitamin D receptor polymorphisms and cancer risk. Carcinogenesis
30: 1170–1180.
19. Flugge J, Laschinski G, Roots I, Krusekopf S (2009) Vitamin D receptor poly(A)
microsatellite and colorectal cancer risk in Caucasians. Int J Colorectal Dis 24:
171–175.
20. Gong YL, Xie DW, Deng ZL, Bostick RM, Miao XJ, et al. (2005) Vitamin D
receptor gene Tru9I polymorphism and risk for incidental sporadic colorectal
adenomas. World J Gastroenterol 11: 4794–4799.
21. Hughes DJ, Hlavata I, Soucek P, Pardini B, Naccarati A, et al. (2011) Variation
in the Vitamin D Receptor Gene is not Associated with Risk of Colorectal
Cancer in the Czech Republic. J Gastrointest Cancer 42: 149–154.
22. Ingles SA, Wang J, Coetzee GA, Lee ER, Frankl HD, et al. (2001) Vitamin D
receptor polymorphisms and risk of colorectal adenomas (United States). Cancer
Causes Control 12: 607–614.
23. Jenab M, McKay J, Bueno-de-Mesquita HB, van Duijnhoven FJ, Ferrari P, et al.
(2009) Vitamin D receptor and calcium sensing receptor polymorphisms and the
risk of colorectal cancer in European populations. Cancer Epidemiol Biomarkers
Prev 18: 2485–2491.
24. Kim HS, Newcomb PA, Ulrich CM, Kenner CL, Bigler J, et al. (2001) Vitamin
D receptor polymorphism and the risk of colorectal adenomas: evidence of
interaction with dietary vitamin D and calcium. Cancer Epidemiol Biomarkers
Prev 10: 869–874.
25. Li C, Li Y, Gao LB, Wang YY, Zhou B, et al. (2009) Vitamin D receptor gene
polymorphisms and the risk of colorectal cancer in a Chinese population. Dig
Dis Sci 54: 634–639.
26. Mahmoudi T, Mohebbi SR, Pourhoseingholi MA, Fatemi SR, Zali MR (2010)
Vitamin D receptor gene ApaI polymorphism is associated with susceptibility to
colorectal cancer. Dig Dis Sci 55: 2008–2013.
27. Murtaugh MA, Sweeney C, Ma KN, Potter JD, Caan BJ, et al. (2006) Vitamin
D receptor gene polymorphisms, dietary promotion of insulin resistance, and
colon and rectal cancer. Nutr Cancer 55: 35–43.
28. Ochs-Balcom HM, Cicek MS, Thompson CL, Tucker CL, Elston RC, et al.
(2008) Association of vitamin D receptor gene variants, adiposity and colon
cancer. Carcinogenesis 29: 1788–1793.
29. Peters U, Hayes RB, Chatterjee N, Shao W, Schoen RE, et al. (2004)
Circulating vitamin D metabolites, polymorphism in vitamin D receptor, and
colorectal adenoma risk. Cancer Epidemiol Biomarkers Prev 13: 546–552.
VDR Genetic Variants and Colorectal Cancer
PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e26123
30. Slattery ML, Yakumo K, Hoffman M, Neuhausen S (2001) Variants of the VDR
gene and risk of colon cancer (United States). Cancer Causes Control 12:
359–364.
31. Slattery ML, Herrick J, Wolff RK, Caan BJ, Potter JD, et al. (2007) CDX2 VDR
polymorphism and colorectal cancer. Cancer Epidemiol Biomarkers Prev 16:
2752–2755.
32. Slattery ML, Murtaugh M, Caan B, Ma KN, Wolff R, et al. (2004) Associations
between BMI, energy intake, energy expenditure, VDR genotype and colon and
rectal cancers (United States). Cancer Causes Control 15: 863–872.
33. Slattery ML, Neuhausen SL, Hoffman M, Caan B, Curtin K, et al. (2004)
Dietary calcium, vitamin D, VDR genotypes and colorectal cancer. Int J Cancer
111: 750–756.
34. Parisi E, Rene JM, Cardus A, Valcheva P, Pinol-Felis C, et al. (2008) Vitamin D
receptor levels in colorectal cancer. Possible role of BsmI polymorphism.
J Steroid Biochem Mol Biol 111: 87–90.
35. Park K, Woo M, Nam J, Kim JC (2006) Start codon polymorphisms in the
vitamin D receptor and colorectal cancer risk. Cancer Lett 237: 199–206.
36. Slattery ML, Sweeney C, Murtaugh M, Ma KN, Caan BJ, et al. (2006)
Associations between vitamin D, vitamin D receptor gene and the androgen
receptor gene with colon and rectal cancer. Int J Cancer 118: 3140–3146.
37. Slattery ML, Wolff RK, Herrick JS, Caan BJ, Samowitz W (2010) Calcium,
vitamin D, VDR genotypes, and epigenetic and genetic changes in rectal
tumors. Nutr Cancer 62: 436–442.
38. Sweeney C, Curtin K, Murtaugh MA, Caan BJ, Potter JD, et al. (2006)
Haplotype analysis of common vitamin D receptor variants and colon and rectal
cancers. Cancer Epidemiol Biomarkers Prev 15: 744–749.
39. Theodoratou E, Farrington SM, Tenesa A, McNeill G, Cetnarskyj R, et al.
(2008) Modification of the inverse association between dietary vitamin D intake
and colorectal cancer risk by a FokI variant supports a chemoprotective action of
Vitamin D intake mediated through VDR binding. Int J Cancer 123:
2170–2179.
40. Wong HL, Seow A, Arakawa K, Lee HP, Yu MC, et al. (2003) Vitamin D
receptor start codon polymorphism and colorectal cancer risk: effect modifica-
tion by dietary calcium and fat in Singapore Chinese. Carcinogenesis 24:
1091–1095.
41. Yaylim-Eraltan I, Arzu Ergen H, Arikan S, Okay E, Ozturk O, et al. (2007)
Investigation of the VDR gene polymorphisms association with susceptibility to
colorectal cancer. Cell Biochem Funct 25: 731–737.
42. Poynter JN, Jacobs ET, Figueiredo JC, Lee WH, Conti DV, et al. (2010) Genetic
variation in the vitamin D receptor (VDR) and the vitamin D-binding protein
(GC) and risk for colorectal cancer: results from the Colon Cancer Family
Registry. Cancer Epidemiol Biomarkers Prev 19: 525–536.
43. Egan JB, Thompson PA, Ashbeck EL, Conti DV, Duggan D, et al. (2010)
Genetic polymorphisms in vitamin D receptor VDR/RXRA influence the
likelihood of colon adenoma recurrence. Cancer Res 70: 1496–1504.
44. Kupfer SS, Anderson JR, Hooker S, Skol A, Kittles RA, et al. (2010) Genetic
heterogeneity in colorectal cancer associations between African and European
Americans. Gastroenterology 139: 1677–1685.
45. Weinberg CR, Sandler DP (1991) Randomized recruitment in case-control
studies. Am J Epidemiol 134: 421–432.
46. Block G, Hartman AM, Dresser CM, Carroll MD, Gannon J, et al. (1986) A
data-based approach to diet questionnaire design and testing. Am J Epidemiol
124: 453–469.
47. Sansbury LB, Millikan RC, Schroeder JC, North KE, Moorman PG, et al.
(2006) COX-2 polymorphism, use of nonsteroidal anti-inflammatory drugs, and
risk of colon cancer in African Americans (United States). Cancer Causes
Control 17: 257–266.
48. Pinol V, Castells A, Andreu M, Castellvi-Bel S, Alenda C, et al. (2005) Accuracy
of revised Bethesda guidelines, microsatellite instability, and immunohistochem-
istry for the identification of patients with hereditary nonpolyposis colorectal
cancer. JAMA 293: 1986–94.
49. Ferna´ndez-Rozadilla C, Tarrio R, Clofent J, de Castro L, Brea-Fernandez A,
et al. (2010) Colorectal cancer susceptibility quantitative trait loci in mice as a
novel approach to detect low-penetrance variants in humans: a two-stage case-
control study. Cancer Epidemiol Biomarkers Prev 19: 619–623.
50. Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 21: 263–265.
51. Kupfer SS, Torres JB, Hooker S, Anderson JR, Skol A, et al. (2009) Novel single
nucleotide polymorphism associations with colorectal cancer on chromosome
8q24 in African and European Americans. Carcinogenesis 30: 1353–1357.
52. Robbins C, Torres JB, Hooker S, Bonilla C, Hernandez W, et al. (2007)
Confirmation study of prostate cancer risk variants at 8q24 in African Americans
identifies a novel risk locus. Genome Res 17: 1717–1722.
53. Falush D, Stephens M, Pritchard JK (2003) Inference of population structure
using multilocus genotype data: linked loci and correlated allele frequencies.
Genetics 164: 1567–1587.
54. Zeggini E, Scott LJ, Saxena R, Voight BF, Marchini JL, et al. (2008) Meta-
analysis of genome-wide association data and large-scale replication identifies
additional susceptibility loci for type 2 diabetes. Nat Genet 40: 638–645.
55. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, et al. (2007)
PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am J Hum Genet 81: 559–575.
56. Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR (2010) MaCH: using sequence
and genotype data to estimate haplotypes and unobserved genotypes. Genet
Epidemiol 34: 816–834.
57. Li Y, Willer C, Sanna S, Abecasis G (2009) Genotype imputation. Annu Rev
Genomics Hum Genet 10: 387–406.
58. Ahn J, Yu K, Stolzenberg-Solomon R, Simon KC, McCullough ML, et al.
(2010) Genome-wide association study of circulating vitamin D levels. Hum Mol
Genet 19: 2739–2745.
59. Ramagopalan SV, Heger A, Berlanga AJ, Maugeri NJ, Lincoln MR, et al. (2010)
A ChIP-seq defined genome-wide map of vitamin D receptor binding:
associations with disease and evolution. Genome Res 20: 1352–1360.
VDR Genetic Variants and Colorectal Cancer
PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e26123
